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Induction of tenascin-C mRNA by cyclic strain in fibroblasts depends on RhoA and Rho dependent kinase (ROCK). Here we show that
integrin-linked kinase (ILK) is required upstream of this pathway. In ILK-deficient fibroblasts, RhoA was not activated and tenascin-C mRNA
remained low after cyclic strain; tenascin-C expression was unaffected by ROCK inhibition. In ILK wild-type but not ILK −/− fibroblasts, cyclic
strain-induced reorganization of actin stress fibers and focal adhesions, as well as nuclear translocation of MAL, a transcriptional co-activator that
links actin assembly to gene expression. These findings support a role for RhoA in ILK-mediated mechanotransduction. Rescue of ILK −/−
fibroblasts by expression of wild-type ILK restored these responses to cyclic strain. Mechanosensation is not entirely abolished in ILK −/−
fibroblasts, since cyclic strain activated Erk-1/2 and PKB/Akt, and induced c-fos mRNA in these cells. Conversely, lysophosphatidic acid
stimulated RhoA and induced both c-fos and tenascin-C mRNA in ILK −/− cells. Thus, the signaling pathways controlling tenascin-C expression
are functional in the absence of ILK, but are not triggered by cyclic strain. Our results indicate that ILK is selectively required for the induction of
specific genes by mechanical stimulation via RhoA-mediated pathways.
© 2008 Elsevier B.V. All rights reserved.Keywords: Mechanotransduction; Tenascin-C; RhoA/ROCK; Integrin-linked kinase; c-fos1. Introduction
Adaptation to mechanical loads is an important function of
connective tissue. In response to mechanical stimulation,
fibroblasts change the expression of extracellular matrix (ECM)
proteins [1,2] and of ECM-degrading enzymes and their inhibitors
[3,4]. Among the ECM proteins regulated by mechanical stress,
tenascin-C is one of the most prominent both in vivo [5–8] and in
vitro [9–12]. In fibroblasts attached to elastic membranes, 10%
cyclic strain at 0.3 Hz leads to a significant increase in the
tenascin-C mRNA level within 2–6 h [11,12]. Early responses of
fibroblasts to mechanical signals are the secretion of paracrine
factors like transforming growth factor-β [13], the activation of⁎ Corresponding author. Friedrich Miescher Institute, Maulbeerstrasse 66,
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doi:10.1016/j.bbamcr.2008.01.013mitogen activated protein kinases (MAPK) e.g. Erk-1/2 [14–16],
and the induction of transcription factors such as c-fos, c-jun or
egr-1 [16–18]. The increase in c-fos and c-junmRNA in stretched
cells depends at least in part on MAPK pathways [18]. While the
induction of major ECM components such as collagen I is
secondary to such early signaling events [13], up-regulation of
tenascin-C mRNA seems to be a direct response to strain, since it
can occur in the absence of de novo protein synthesis and does not
require paracrine factors [11]. There is also no evidence that
MAPK are involved [11]. Rather, we found that induction of
tenascin-C by cyclic strain depends on an intact cytoskeleton and
on actin contractility, which is controlled by the small GTPase
RhoA and its target, Rho dependent protein kinase (ROCK) [12].
Interestingly, when cytoskeletal tension was stimulated via the
RhoA/ROCKpathway before applying strain, this caused a super-
induction of tenascin-C mRNA, i.e. it seemed to increase cellular
mechanosensitivity [12].
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regulates the transcriptional activity of serum response factor
(SRF). As co-activators of SRF, megakaryocytic acute leukemia
proteins MAL/MKL1 [19,20] and MAL16/MKL2 [20,21] were
identified in fibroblasts. The mouse homologues MRTF-A
(MKL1) and -B (MKL2) potentiate SRF activity [22] and a
mouseMAL isoform, BSAC, was isolated [23]. RhoA-dependent
actin assembly regulates the subcellular localization ofMAL [24].
MAL is predominantly cytoplasmic in serum-starved cells, but
accumulates in the nucleus following serum stimulation. The
activation of the RhoA-actin signaling pathway is necessary
and sufficient to promote MAL nuclear accumulation [24]. Very
recently, it has been shown that application of force by collagen-
coated magnetic beads leads to the activation of RhoA, nu-
clear translocation of MAL and finally increased transcription
of α-smooth muscle actin in rat cardiac fibroblasts [25].
Despite of increasing information concerning the signal-
ing pathways triggered by mechanical stress and the resulting
changes in gene expression [2,12–15], the question remains
how exactly non-excitable cells such as fibroblasts sense
mechanical forces [26]. Recently, cell-ECM adhesion sites
(mainly focal adhesions of cultured cells) received much
attention as putative sites of mechanotransduction. Integrins are
their transmembrane components, and there is ample evidence
that mechanical signaling is integrin-dependent [26–28].
Recent data indicate that integrin-associated focal adhesion
proteins undergo conformational changes in response to
mechanical force and thereby expose hidden phosphorylation
and/or binding sites recognized by other signaling components
[26,29–31].
Integrin-linked kinase (ILK) is an integrin-binding molecule
and a prominent component of focal adhesions [32–37]. ILK
has been shown to be involved most notably in the activation of
the PKB/AKT pathway [38]. However, since critical catalytic
residues within the kinase domain of ILK are not conser-
ved, its function as a kinase in vivo is still disputed [35,39].
Nevertheless, as an important adaptor protein ILK is in-
dispensable for early embryonic development [40]. In a hete-
rotrimeric complex with the adaptor protein PINCH and
the F-actin binding protein parvin, ILK connects integrins
with the cytoskeleton and presumably with adjacent receptor
tyrosine kinases [34,35]. ILK-deficient cells have severe defects
in cell adhesion, migration and polarization [40–43], and these
deficits have been related to abnormal Rac1- and RhoA-
dependent actin dynamics [41,44–47]. Because of its important
role in integrating signals at cell-ECM contacts and in
organizing the cytoskeleton we compared the ability of wild-
type, ILK knockout and rescued fibroblasts to activate the
RhoA/ROCK and Erk-1/2 MAPK signaling pathways in
response to cyclic strain. In addition, we tested whether the
absence of ILK affected the mechanical induction of the
mRNAs for tenascin-C and c-fos, putative target genes of these
two pathways. Our results indicate that ILK-deficient cells are
not entirely insensitive to mechanical stimulation. Rather, ILK
is essential for the force-induced expression of tenascin-C and a
critical mediator of a RhoA-dependent mechanotransduction
pathway.2. Materials and methods
2.1. Cell culture
The following cell lines were used [41]. A clonal fibroblast line was derived
from the kidney of a 4-week-old male mouse containing a floxed ILK gene [40]
and immortalized by stable transfection with SV40 large T-antigen (ILK wt).
Transduction of Cre into these cells led to the deletion of the ILK gene and the
generation of a knockout cell line (ILK −/−). ILK rescued cell lines were produced
as follows. Murine ILK cDNA was generated by PCR and inserted into the
p3xFLAG vector (Sigma, Buchs, Switzerland). The ILK-3xFLAG cDNA was
amplified by PCR and inserted into pCLMFG (Imgenex, San Diego, CA), re-
sulting in pCLILKFLAG. On the other hand recombinant retroviruses carrying a
GFP-tagged wild-type ILK cDNA (pCLILKGFP) were generated. Infection of
ILK-deficient cells with pCLILKFLAG or pCLILKGFP resulted in robust
expression of the transduced cDNA [40]. Cells were maintained at 37 °C and 6%
CO2 in Dulbecco's modified Eagle medium (D-MEM; Seromed, Basel, Switzer-
land) containing 10% fetal calf serum (FCS;Gibco/Invitrogen, Basel, Switzerland).
Cells were harvested and plated onto silicone membranes (0.05″, gloss/gloss;
Specialty Manufacturing Inc., Saginaw MI, USA) mounted into custom-made 6-
well dishes [11]. Before seeding cells, membranes were coated with purified horse
serum fibronectin (100 μg/ml in phosphate buffered saline [PBS]) for 1 h [11].
Alternatively, cellswere plated into Flexercell II 6-well dishes (DunnLabortechnik,
Asbach, Germany) that were coated with fibronectin as above. Three hours after
plating cells (600,000 per well) in 3% FCS/D-MEM, medium was changed and
cultures were maintained in 0.3% (or 0.03% in certain experiments; see figure
legends) FCS/D-MEM overnight before use in cyclic strain experiments.
2.2. Mechanical loading of cells
30min before applying cyclic strain, cultures received amedium change (0.3%
or 0.03% FCS/D-MEM) and, where indicated, 10 μM Y27632 (Calbiochem,
JURO Supply GmbH, Switzerland) was added into the same medium. Culture
dishes were mounted onto a custom-made stretching device [11] or on a Flexcell
FX-4000 machine (Dunn Labortechnik, Asbach, Germany). On either machine,
cells were subjected to equibiaxial cyclic strain (10%, 0.3Hz) at 37 °C for the times
indicated (usually 1 h to 6 h). For a given dose of mechanical stimulation, the two
machines gave identical results. After the experiment, cells were formaldehyde-
fixed for phalloidin and immunofluorescence staining (see below). Alternatively,
cells were lysed and total RNA was isolated [11]. For RhoA activation assays,
1.25×106 mouse fibroblasts were plated per well and washed twice with D-MEM
containing 0.3% FCS on the day of plating. On the following day, cells were
directly (without medium change) subjected to cyclic strain (10%, 0.3 Hz) at 37 °C
for 5–15 min before extraction (see below).
2.3. Stimulation of cells with lysophosphatidic acid
Oleoyl-α-lysophosphatidic acid (LPA) was purchased from Sigma (Buchs,
Switzerland) and stock solutions were prepared in water. Cells were plated on
fibronectin-coated 6-well tissue culture dishes and serum-starved as described
above. For stimulation, medium was changed to either D-MEM/0.03% FCS
alone, or to the same medium containing 2 or 10 μM LPA. Cells were extracted
after 5–15 min for determination of RhoA activity, or after 1 and 6 h for
quantification of mRNA as described above.
2.4. Quantification of mRNA levels from Northern blots
RNAwas isolated by the RNeasy procedure (Qiagen, Basel, Switzerland), run on
agarose gels, and Northern blots were prepared as described previously [11]. Blots
were simultaneously hybridized with [32P]dCTP-labeled mouse tenascin-C and rat
glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA probes [11]. The tena-
scin-C to GAPDHmRNA ratio was quantified for each sample by phospho-imaging
and densitometric analysis of Northern blots using a Storm 860 phospho-imager and
ImageQuant software (MolecularDynamics, Sunnyvale, CA) [11,12]. Data represent
the average and standard error of themean of five independent experiments. Statistical
significance was determined by one-way ANOVA and paired Student's t-Test.
Differences with a value of Pb0.05 were considered significant.
Fig. 1. Cyclic strain activates RhoA and induces tenascin-C (TN-C) mRNA in
wild-type but not in ILK-deficient fibroblasts. (A) Wild-type mouse fibroblasts
(ILK wt) and their descendents in which the ILK gene was deleted (ILK −/−)
were cultured on fibronectin-coated silicone membranes. Cells maintained in
0.3% serum were either left at rest (R) or subjected to cyclic strain (10%, 0.3 Hz)
for 6 h (S), total RNA was extracted and Northern blots were hybridized with
32P-labeled cDNA. TN-C/GAPDH mRNA ratios were quantified by phospho-
imaging and densitometry of blots and are expressed relative to the resting
control. Bars represent means and standard errors of 5 independent experiments.
(B) Activation of RhoA by cyclic strain in wild-type but not in ILK-deficient
fibroblasts. ILK wild-type and ILK −/− cells were subjected to cyclic strain
(10%, 0.3 Hz) for 5 min. Active RhoA was pulled down from cell lysates (see
Materials and methods), and detected on SDS-PAGE by immunoblotting (top
panel). For control, total RhoA in the corresponding samples is shown in
immunoblots of whole cell lysates (bottom panel). Active RhoAwas quantified
by densitometry of Western blots and normalized to total RhoA; the fold change
in stressed versus resting cells is indicated on top of the figure (n=4; ±S.E.M.).
(C) Effect of ROCK inhibition on tenascin-C mRNA expression levels in wild-
type versus ILK-deficient fibroblasts. Wild-type and ILK −/− fibroblasts were
subjected to cyclic strain (10%, 0.3 Hz) for 6 h in the absence or presence of
ROCK I/II inhibitor Y27632 (10 μM). The mean TN-C/GAPDH ratio of three
independent experiments is indicated at the bottom of the figure. Note that
ROCK inhibition interferes with strain-dependent tenascin-C induction in wild-
type cells, but has no effect on tenascin-C mRNA levels in ILK-deficient cells.
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RNAwas isolated as above and reverse transcribed with a High Capacity cDNA
ReverseTranscriptionKit (AppliedBiosystems,Rotkreuz, Switzerland). TaqMan real
time PCR primer/probe mixtures for mouse tenascin-C (Mm00495662_m1), mouse
c-fos (Mm00487425_m1) and mouse GAPDH (Mm99999915_g1) as well as
TaqMan Universal Master Mix were purchased fromApplied Biosystems. For every
experimental condition, reverse transcribed cDNA (3 and 6 ng) was amplified for
each of the 3 genes on an ABI Prism 7000 real time PCR cycler (Applied
Biosystems). Data were analyzed by theΔCt method [48], i.e. values for tenascin-C
and c-fos were normalized to GAPDH for each sample. These data are shown in the
graphs, rather than their further normalization to the resting controls (ΔΔCt method
[48]; “fold increase”). The single normalization used here allows comparison of basic
gene expression levels between the different cell lines used in this study. Data
represent the average±S.E.M. from five to seven independent experiments. Statistical
significance was determined by one-way ANOVA and paired Student´s t-Test.
Differences with a value of Pb0.05 were considered significant.
2.6. Isolation of monoclonal antibody against mouse MAL
AHis-tagged recombinant fragment of mouseMALwas generated as follows.
A cDNA fragment coding for amino acids 611–731 (Acc. No. NP_694629;
NM_153049.2) was selected and amplified from mouse fibroblast cDNA with a
sense primer 5′-CCCGCATGCGAAAGTGGTTTCTCCAGTTGC-3′ containing
a SphI restriction site and an antisense primer 5′-CCCAAGCTTGGCTG-
GAAAACCAGGCTGGGA-3′containing a HindIII restriction site. The PCR
product was digested with SphI and HindIII (Roche Diagnostics) and cloned into
the pQE30 vector (Qiagen, Hombrechtikon, Switzerland)) containing a 6×Histi-
dine (6×His) tag just upstream of the multiple cloning site. The recombinant
fragment was expressed in E. coli M15 bacteria and purified from the pellet
according to the QIAexpressionist protocol (Qiagen) under denaturing conditions.
The purified His-tagged MAL fragment of 13 kDa was analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Fractions of the elution peak
were pooled and dialysed against PBS. 3 female Balb/c mice were immunized
subcutaneously eachwith 50μg recombinantMAL fragment in 100μl PBS, which
was mixed with 25 μl of Stimune adjuvant (Prionocs AG, Schlieren-Zurich,
Switzerland). After two identical boosts at 3-week intervals, a final injection was
made intraperitoneally with 25 μgMAL fragment in 150 μl PBSwithout adjuvant.
Two days later, the micewere killed, and the splenic lymphocytes were fused to the
myeloma cell line P3xAg8.653 (American Type Culture Collection) and cultured
in selection medium according to standard protocols. Hybridoma supernatants
were tested for secreted antibodies on ELISA plates coated with purified
recombinant MAL fragment. Hybridomas showing the best ELISA signals were
further analyzed by immunoblotting using bacterial lysates that contained ex-
pressed MAL fragment. Finally, supernatants reacting with the recombinant His-
tagged 13 kDa MAL peptide were tested on immunoblots against mouse embryo
fibroblast extracts. Selected hybridomas specifically recognizing endogenous
mouse MAL (160 kDa; [24]) were subcloned twice and rescreened by ELISA and
immunoblotting. The isotype of selected monoclonal antibodies (mAbs) was
determined (Isostrip; Roche Applied Science); mAb 65F13 is an IgG1 with κ light
chains. 65F13 cells were grown in IMDM with 15% FCS to high cell density
without medium change to allow mAb accumulation in the tissue culture superna-
tant. All experiments presented herewere donewith a single batch of 65F13 culture
supernatant diluted 1:10 for immunoblotting and immunofluorescence.
2.7. Immunofluorescence and phalloidin staining
Siliconemembranes with attached cells were cut out from the bottom of culture
wells and placed upside down onto a solution of 4% paraformaldehyde buffered
with 20 mMNa-phosphate for 15 min. Fixed cells were washed and blocked over
night at 4 °C in PBS containing 3% bovine serum albumin (BSA) and 0.2% Triton
X-100. Cells were labeled at room temperature with a monoclonal antibody to
vinculin (clone hVIN11-5 ascites fluid; Sigma-Aldrich, Buchs, Switzerland)
diluted 1:1250 in PBS/BSA/Triton or with 65F13 supernatant diluted 1:10 for 1 h,
washed three times with PBS/BSA/Triton, and then incubated simultaneously with
Alexa488- or Alexa568-labeled goat anti-mouse IgG (Cappel/ICN Biomedicals,
EGT Chemie, Switzerland; diluted 1:400), Alexa546-labeled phalloidin (Sigma,
Fig. 2. Cyclic strain stimulates actin stress fiber formation and focal adhesion redistribution in wild-type but not in ILK-deficient fibroblasts. (A)Wild-type and ILK −/−
cells cultured on fibronectin-coated silicone membrane were cyclically strained (10%, 0.3 Hz) for 3 h, fixed with paraformaldehyde, and double-stained with rhodamin-
labeled phalloidin for actin stress fibers and an antibody to vinculin to visualize focal adhesion sites. Note the shape change and the strain-induced actin reorganization in
wild-type but not in ILK-deficient fibroblasts. Wild-type cells exhibit scattered adhesions that tend to redistribute to the cell margins after cyclic strain. In contrast,
resting ILK-deficient cells form focal adhesions only at their periphery, and no redistribution is observed upon strain. The scale bar represents 50 μm. (B) The mean
surface of ILK wild-type and ILK −/− cells was quantified before and after 3 h of cyclic strain (10%, 0.3 Hz) as described in Materials and methods.
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anti-mouse IgG for 1 h. Cells were again washed three times with PBS/BSA/Triton
and mounted in Prolong Gold antifade reagent (Invitrogen, Basel, Switzerland).
Slides were observed on a Zeiss Z1microscope equipped with a 20×/0.8 objective,
Zeiss filter cubes n°38HE forAlexa488, n°43 forAlexa546 andAlexa568 and n°26
for Alexa633 and a Zeiss MRm camera. Alternatively, cells were observed on a
Zeiss LSM510 confocal microscope with a 40×/1.3 oil immersion objective. For
cell surface measurements cells were directly fixed in the Flexercell dishes and
stained with Alexa546-labeled wheat germ agglutinin (WGA) and Hoechst 33342
(Image-iT LIVE plasma membrane and nuclear labeling kit, Invitrogen) for 3 h,
thenwashed 3 times with PBS andmounted in ProlongGold. Slideswere observed
on a Zeiss Z1 microscope equipped with a 20×/0.8 objective and a Zeiss MRm
camera and quantification was done with the ImagePro software.
2.8. RhoA activity assay
The activity of RhoA was determined using a rhotekin-Rho-binding domain
(RBD) assay as published [49]. Briefly, serum-starved mouse fibroblasts (1.5×107
per sample) were subjected to cyclic strain (10%, 0.3 Hz) for 5 min. Cells were
washed with ice-cold TBS and lysed in glutathione-S-transferase (GST)-fish buffer(10% glycerol, 50 mMTris pH 7.4, 100 mMNaCl, 1% NP-40 and 2 mMMgCl2) to
which protease and phosphatase inhibitors were added. Lysates were cleared in the
cold by centrifugation (700 ×g, 5 min) and incubated at 4 °C for 45 min with
glutathione-Sepharose 4B beads (Amersham, Braunschweig, Germany) coupled to
freshly prepared GST-rhotekin-RBD fusion protein (expression vector obtained from
Dr. Jens Stein, Theodor Kocher Institute, Bern, Switzerland). Beads were washed
with GST-fish buffer and bound proteins solubilized by the addition of 2× Laemmli
buffer. Total RhoA in lysates and active (rhotekin-RBD-bound) RhoAwere detected
byWestern blotting with anti-Rho-mouse mAb (Santa Cruz; Lab Force, Nunningen,
Switzerland) diluted 1:200 in PBS/BSA/Tween-20. Blots werewashed and incubated
with peroxidase-labeled goat anti-mouse IgG (1:7000; Cappel/ICN Biomedicals;
EGT Chemie, Switzerland) for 1 h. Blots were developed using SuperSignal®West-
Pico peroxide kit (Pierce; Socochim SA, Switzerland). Chemiluminescence signals
were detected using a Bio-RadVersaDocTM Imaging System,Model 3000 (Bio-Rad
Laboratories AG, Reinach BL, Switzerland).
2.9. Immunoblotting
Wild-type, ILK −/− and rescued fibroblasts were left at rest or subjected to
cyclic strain for 5, 10 and 15 min, respectively. Per sample, 1.8×106 cells were
Fig. 3. Monoclonal antibody 65F13 detects endogenous mouse MAL on immunoblots and by immunofluorescence. (A) A monoclonal antibody was generated using a
bacterially expressed mouseMAL peptide with an N-terminal His-tag. A blot of bacterial lysate containing the MAL peptide was stained with amido black (a), anti-His
antibody (b) or the newly generated MALmAb 65F13 (c). Extracts of mouse wild-type fibroblasts were blotted and stained with amido black (d), anti-FAK (e) or mAb
65F13 (f) to detect the endogenous proteins. (B) Mouse wild-type fibroblasts were cultured on fibronectin-coated silicone membranes in 0.03% serum, fixed with
paraformaldehyde and stained with mAb 65F13 (top left) or with mAb 65F13 preincubated with a ten-fold excess of immunogen (recombinant mouse MAL peptide)
for 2 h (top right). The cell nuclei were localized via DAPI costaining (bottom panels). The scale bar represents 50 μm.
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NP-40, 0.25% Na-deoxycholate, and 1 mM EDTA) containing protease and
phosphatase inhibitors. Lysates were cleared by centrifugation and run on 10%
polyacrylamide-SDS gels and blotted to nitrocellulose. Blots were incubated with the
following antibodies: a rabbit antibody to Erk-1/2, amousemAb to phospho-Erk-1/2,
a rabbit antibody to phospho-Akt (S473) (all Cell Signaling; BioConcept, Allschwil,
Switzerland), a rabbit antibody Ab10 to PKB [50] or mouse antibodies to FAK and
phospho-FAK (Y397) (BD Biosciences). For detecting ILK, the cells at rest were
treated as mentioned above and blots were incubated with a mouse antibody to ILK
(BDBiosciences). TN-Cwas detected in lysates and media of fibroblasts stressed for
6 h, using a rat monoclonal anti-TN-C antibody mTn-12 [51]. Bacterial and cell
lysates were blotted and probed with our monoclonal anti-MAL antibody 65F13. In
all cases an incubation with peroxydase-labeled secondary antibodies (1:10,000;
Cappel/ICN Biomedicals; EGT Chemie, Switzerland) followed and blots were
developed with SuperSignal®WestPico peroxide kit (Pierce, Socochim SA, Switzer-
land) and exposed to Kodak X-ray film for 1–5 min.
3. Results
3.1. RhoA/ROCK-dependent tenascin-C mRNA induction by
cyclic strain fails to occur in ILK-deficient fibroblasts
When primary chick embryo fibroblasts are cultured on
fibronectin-coated elastic membranes and subjected to cyclic
strain, a robust induction of tenascin-C mRNA is a prominentresponse [11,12]. We also showed that cyclic strain rapidly
activates RhoA, and that the subsequent increase in tenascin-C
mRNA requires ROCK and myosin II activity [12]. First, we
tested whether immortalized wild-type mouse fibroblasts
containing a floxed ILK gene reacted to cyclic strain in a similar
manner. Indeed, on Northern blots we observed a several fold
increase in the level of tenascin-C mRNA in these cells after
stimulating them with 10% equibiaxial cyclic strain at 0.3 Hz for
6 h (Fig. 1A). In the wild-type cells, RhoA was activated after
5 min of cyclic strain (Fig. 1B), and tenascin-CmRNA induction
at 6 h of strain was suppressed by ROCK inhibitor Y27632 as
expected (Fig. 1C). The parental fibroblasts were then compared
to cells in which the floxed ILK gene had been deleted. ILK-
deficient fibroblasts exhibited a similar basal tenascin-C mRNA
expression level as wild-type cells; however, they completely
failed to induce this mRNA under the influence of cyclic strain
(Fig. 1A). Moreover, RhoA activity was not stimulated by cyclic
strain in fibroblasts lacking ILK (Fig. 1B), and the ROCK
inhibitor had no effect on tenascin-CmRNA levels in these cells,
neither at rest nor after strain (Fig. 1C). From these results, we
conclude that ILK is required for RhoA/ROCK-dependent
induction of tenascin-C by cyclic strain.
Fig. 4. Cyclic strain induces nuclear translocation of MAL in wild-type but not in ILK −/− fibroblasts. Wild-type, ILK −/− and rescued cells were cultured on
fibronectin-coated silicone membranes in 0.03% serum and either left at rest, stimulated with 10% serum for 1 h, or subjected to cyclic strain (10%, 0.3 Hz) for 1 h.
Cells were fixed with paraformaldehyde and stained with mAb 65F13 to visualize nuclear translocation of MAL. The scale bar represents 50 μm.
Table 1
Quantification of MAL translocation after cyclic strain
Experiment 1 Rest Serum Strain
ILK wt 0 55 35
ILK −/− 3 63 11
ILK rescue 2 53 34
Experiment 2 Rest Serum Strain
ILK wt 0 90 65
ILK −/− 0 100 23
ILK rescue 0 97 84
Wild-type, ILK −/− and rescued cells were cultured on fibronectin-coated
silicone membranes in 0.03% serum and either left at rest, stimulated with 10%
serum for 1 h or subjected to cyclic strain (10%, 0.3 Hz) for 1 h. Between 70 and
100 cells were counted per condition, and numbers represent the percentage of
cells with nuclear staining for MAL.
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and focal contacts in wild-type but not in ILK-deficient fibroblasts
In primary chick embryo fibroblasts, cyclic strain induces a
characteristic change in cell shape and a ROCK-dependent
increase and relocation of actin stress fibers [12]. To test whether
strain-dependent actin reorganization also required ILK, we
subjected wild-type and ILK-deficient mouse fibroblasts to
cyclic strain (10%, 0.3 Hz) for 3 h. For wild-type cells, we
observed a redistribution of actin stress fibers to the cell mar-
gins upon cyclic strain, as evidenced by phalloidin staining
(Fig. 2A). At rest, vinculin-positive adhesion contacts were
scattered over the basal side of wild-type cells but located
preferentially at the cell margins after cyclic strain (Fig. 2A).
In parallel to these changes, strain caused a significant decrease
of about 20% in the measured surface area of wild-type cells
(Fig. 2B), indicating contraction [12]. In contrast, ILK-deficient
fibroblasts were considerably less spread already at rest, with
a surface area about half as large as that of wild-type cells
(Fig. 2B). Resting ILK knockout cells appeared to have an
abnormal cytoskeleton with thick actin bundles along their
margins, and cyclic strain triggered neither a redistribution of
stress fibers nor a change in cell surface area (Fig. 2A, B).
Furthermore, ILK-deficient cells at rest exhibited vinculin-
containing focal adhesions only at their periphery and this
distribution remained unaltered after cyclic strain (Fig. 2A).
Thus, the absence of ILK by itself causes a perturbation of
cytoskeleton and focal contacts, and cyclic strain fails to inducea response of these structures. This is in accordance with the
suppression of strain-dependent RhoA activation in ILK-def-
icient cells.
3.3. Cyclic strain induces nuclear translocation of MAL in
wild-type but not in ILK-deficient fibroblasts
MAL, a co-activator of SRF, is known to translocate to the
nucleus in response to RhoA-dependent actin assembly, linking
RhoA activity and actin dynamics to gene expression [24].
Because cyclic strain triggers RhoA activation and actin
reorganization in wild-type but not ILK-deficient fibroblasts,
Fig. 5. Actin reorganization and focal adhesion distribution in response to cyclic
strain is restored in ILK rescued cells. (A) Wild-type, ILK −/− and rescued cells
were maintained in 0.03% serum, and cell extracts were blotted and incubated
with anti-ILK antibody. (B) ILK rescued cells were cyclically strained (10%,
0.3 Hz) for 3 h, fixed with paraformaldehyde, and stained with rhodamin-labeled
phalloidin for actin stress fibers and an antibody to vinculin for focal adhesion
sites. The expressed ILK was visualized by its GFP-tag. The scale bar represents
50 μm.
Fig. 6. ILK rescued cells show induction of tenascin-C upon mechanical stress.
(A) Wild-type, ILK −/− and rescued cells were changed to fresh medium
containing 0.3% serum and either left at rest (R) or subjected to cyclic strain
(10%, 0.3 Hz) for 6 h (S). 18 h later, media were collected and cell extracts
prepared. Media and extracts were blotted and incubated with anti-tenascin-C
antibody. (B) After 6 h of cyclic strain, total RNA was extracted from all three
cell lines and Northern blots were hybridized with 32P-labeled cDNA. A
representative blot shows that tenascin-C mRNA is induced by cyclic strain in
wild-type but not ILK −/− cells, and that this response is fully restored in the
ILK rescued cells.
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translocation of MAL in an ILK-dependent manner. For
these experiments, we generated a monoclonal antibody (mAb
65F13) against a recombinant fragment of mouse MAL ex-
pressed in E. coli. On immunoblots of bacterial lysates, mAb
65F13 recognized the His-tagged MAL peptide (Mr =13,000)
used for immunization (Fig. 3A). In mouse fibroblast extracts,
the antibody detected a single protein band of Mr =160,000
(Fig. 3A), the correct size for endogenous full length mouseMAL [24]. By immunofluorescence, mAb 65F13 stained a
cytoplasmic protein in serum-starved fibroblasts that was not
detected when mAb 65F13 was preincubated with the peptide
used for immunization (Fig. 3B). As MAL is expected to
translocate to the nucleus upon serum stimulation [24], we
stained wild-type and ILK-deficient fibroblasts under serum-
starved, serum-stimulated and mechanically strained conditions
(Fig. 4). ILK-deficient fibroblasts showed a similar response to
the addition of serum as wild-type fibroblasts: the proportion of
cells with nuclear MAL staining increased from below 5% to
60–100% after 1 h. When serum-starved wild-type cells were
treated with 10% cyclic strain (0.3 Hz), the proportion of nuclei
staining forMAL increased with time, peaked at 35-65% after 1 h
and decreased again afterwards (Fig. 4; Table 1). However, MAL
translocation in response to cyclic strainwas greatly diminished in
ILK-deficient cells, since only about 10–20% of their nuclei
stained positive after 1 h of stimulation (Fig. 4; Table 1). These
data suggest that ILK is required for RhoA-dependent actin
dynamics stimulated by external tensile strain but not by serum.
Fig. 7. Cyclic strain activates Erk-1/2 and PKB/Akt in wild-type as well as ILK-deficient fibroblasts. Wild-type, ILK −/− and rescued cells were subjected to cyclic
strain (10%, 0.3 Hz) for 5, 10 and 15 min, cell lysates were run on SDS-PAGE, and immunoblots were developed with antibodies to phospho-(top panel) and total
(bottom panel) Erk-1/2, PKB and FAK, respectively. Note that cyclic strain induces the phosphorylation of Erk-1/2 and PKB similarly in all cell types. FAK is
phosphorylated even before stretching the cells.
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To prove that the lack of ILK directly causes the deficits
described above, we used ILK-deficient fibroblasts rescued with
full length ILK as a control. Fig. 5A shows that cell extracts from
ILK knockout cells reveal no trace of ILK protein, whereas
rescued cells exhibit an ILK protein expression level comparable
to that of wild-type cells. In ILK rescued cells, the extent ofMAL
nuclear translocation induced by either serum or cyclic strain
was nearly identical as in wild-type cells (Fig. 4; Table 1).
Moreover, a morphological comparison to wild-type cells (c.f.
Fig. 2A) confirmed the strain-dependent actin reorganization
and redistribution of vinculin-positive adhesion contacts after
cyclic strain (10%, 0.3 Hz) for 3 h in ILK rescued cells (Fig. 5B).
In the rescued cells, re-expressed ILK colocalized with vinculin
in focal adhesions as expected (Fig. 5B).
The most relevant response to test in the rescued cells was
mechanical induction of tenascin-C. Therefore the protein and
mRNA levels of all three cell lines were analyzed at rest and after
6 h of cyclic strain. Tenascin-C protein is secreted into the
culture medium by all cell types but clearly induced by strain
only in wild-type and rescued cells (Fig. 6A). Northern blotting
revealed that tenascin-C mRNA levels were increased to the
same extent in wild-type and ILK rescued cells after 6 h of cyclic
strain, in contrast to what we found for ILK knockout cells
(Fig. 6B). These results demonstrate that ILK deficiency indeed
accounts for the defects of knockout cells in responding to cyclic
strain by actin reorganization, MAL nuclear translocation and
tenascin-C induction.
3.5. Cyclic strain activates Erk-1/2 and PKB/Akt in wild-type
as well as ILK-deficient fibroblasts
To test whether ILK knockout cells are completely insensitive
to mechanical stimulation, or whether mechanotransductionpathways not involving RhoA are still functional in these cells,
we determined Erk-1/2, PKB/Akt and FAK activity after apply-
ing cyclic strain. As shown in Fig. 7, cyclic strain (10%, 0.3 Hz)
led to a similar increase in the level of phospho-Erk-1/2 after
5–15 min in ILK wild-type, knockout and rescued cells,
respectively. This shows that ILK is not required for strain-
mediated Erk-1/2 activation. In other cell types, ILK has
been shown to function upstream of PKB/Akt [37,38,52]. We
therefore tested whether strain activated PKB in our three
cell lines. Indeed, we observed an increase in PKB (S473)
phosphorylation after 5–15 min of cyclic strain not only in wild-
type and ILK rescued cells, but also in ILK knockout cells
(Fig. 7). Thus, external mechanical stress can activate PKB
independently of ILK. For comparison, we also checked the
state of FAK (Y397) activation in our cells. On the fibronectin-
coated substrates used in this study, we found high phosphor-
ylation levels for FAK (Y397) already at rest and in low serum
for all three cell types, and we could not detect any further
stimulation by cyclic strain (Fig. 7).
3.6. Induction of c-fos mRNA by cyclic strain in wild-type as
well as ILK-deficient cells
Since ILK-deficient fibroblasts still respond to cyclic strain
by activating Erk-1/2 and PKB/Akt, we asked whether genes
other than tenascin-C were induced normally by mechanical
stimulation in these cells. The AP-1 transcription factor c-fos is
an early response gene induced by mechanical stress [17,18],
and c-fos induction is partially inhibited by MAPK antago-
nists [18]. By real time RT-PCR, we therefore compared c-fos
and tenascin-C mRNA expression levels between wild-type,
ILK-deficient and ILK rescued fibroblasts after applying cyclic
strain (Fig. 8). These experiments were carried out with cells
starved in 0.03% serum to reduce basic c-fos expression levels.
Cells were strained for just 1 h because we found c-fos mRNA
Fig. 9. Activation of RhoA and induction of both, c-fos and tenascin-C mRNA
by LPA independently of ILK. (A) Wild-type, ILK −/− and rescued cells were
incubated in 0.03% serum with or without 10 μM LPA for 6 h. Total RNAwas
extracted and tenascin-C mRNA levels were determined by real time PCR
as described in Materials and methods. Values are normalized to GAPDH
expression in the same sample and are expressed as relative units. Bars represent
the average±S.E.M. of four independent experiments. ⁎Significant difference to
the resting control (Pb0.05). (B) Levels of c-fos mRNA after 1 h LPA treatment
were determined according to A. (C) Wild-type and ILK −/− cells were
incubated in medium containing 2 μMLPA for 0, 5 or 15 min. Active RhoAwas
pulled down from cell lysates (see Materials and methods), and detected on
SDS-PAGE by immunoblotting (top panel). For control, total RhoA in the
corresponding samples is shown in immunoblots of whole cell lysates (bottom
panel).
Fig. 8. Induction of c-fos mRNA by cyclic strain independently of ILK.
(A) Wild-type, ILK −/− and rescued cells maintained in 0.03% serum were
subjected to cyclic strain (10%, 0.3 Hz) for 1 h, total RNA was extracted and
tenascin-C mRNA levels were determined by real time PCR as described in
Materials andmethods. Values are normalized to GAPDH expression in the same
sample and are expressed as relative units. Bars represent the average±S.E.M. of
seven independent experiments. ⁎Significant difference to the resting control
(Pb0.05). (B) The same is shown for c-fos mRNA levels.
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shown). To allow comparison of basic gene expression levels
between cell lines, values were normalized to GAPDH mRNA
only (ΔCt method). This showed that whereas basic tenascin-C
mRNA levels did not differ significantly in the three cell lines
(Fig. 8A), the amount of c-fos mRNA at rest was moderately
(about two-fold) increased in ILK knockout as well as ILK
rescued cells compared to wild-type fibroblasts (Fig. 8B). One
hour of cyclic strain (10%, 0.3 Hz) already induced a two-fold
increase of tenascin-C mRNA in wild-type as well as in ILK
rescued cells, but not in ILK knockout fibroblasts (Fig. 8B).
Thus, whereas tenascin-C mRNA steadily rises between 1 and
6 h of cyclic strain in wild-type cells (cf. Fig. 1; [11]), there is
not even a transient induction of this mRNA in ILK-deficient
cells. The mRNA for c-fos was induced about nine-fold after 1 h
of cyclic strain in wild-type fibroblasts. Because of higher
expression at rest, in ILK knockout as well as rescued cells the
relative induction of c-fos mRNA by strain was lower (3–4
fold). However, normalized c-fos mRNA levels after 1 h strain
were not statistically different between the three cell lines, but
all significantly higher than in the respective resting controls.
This shows that c-fos induction by cyclic strain does not require
ILK, in contrast to what we found for tenascin-C.3.7. Lysophosphatidic acid activates RhoA and induces
tenascin-C mRNA in ILK-deficient fibroblasts
We considered the possibility that ILK might not just be
required for induction of tenascin-C by cyclic strain, but might
have a more general function in the activation of this gene by
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induced by LPA [12], a serum growth factor that activates both
RhoA and MAPK pathways via G-protein coupled receptors
[53]. As shown in Fig. 9A, treatment of serum-starved cells with
LPA significantly increased tenascin-C mRNA levels in ILK
wild-type, ILK-deficient as well as rescued mouse fibroblasts.
LPA also induced c-fos mRNA in all three cell types (Fig. 9B).
Moreover, addition of LPA led to activation of RhoA in both
wild-type and, although to a lesser extent, in ILK-deficient cells
after 5 min (Fig. 9C). Thus, a transient activation of RhoA again
preceded the induction of tenascin-C mRNA in these experi-
ments. We infer that the absence of ILK does not preclude a
RhoA/ROCK-dependent activation of the tenascin-C gene. The
downstream signaling required for tenascin-C induction seems
to be functional in ILK knockout cells; however, mechanical
stimulation cannot trigger this pathway anymore.
4. Discussion
In fibroblasts a direct, integrin-mediated link between the
ECM and the cytoskeleton is required for the transduction of
mechanical into chemical signals [26,27]. Various intracellu-
lar signaling cascades are triggered in response to external
mechanical stress via integrins and associated focal adhesion
proteins [2,14–16]. Resulting alterations in gene transcription
are the basis for the adaptation of connective tissue to changes
in mechanical load [1]. A prominent response to tensile strain is
the induction of the ECM protein tenascin-C [10–12]. We have
demonstrated that in fibroblasts, tenascin-C mRNA induction
by cyclic strain occurs in the absence of protein synthesis and
does not appear to involve MAPK pathways [11]. Rather, a
sustained response of this gene to mechanical stimulation
requires an intact actin cytoskeleton and is preceded by RhoA/
ROCK- and myosin-dependent actin contraction [12]. We have
also shown that the extent of internal cytoskeletal tension is
important for the sensitivity of fibroblasts to external strain:
stimulation of actin contractility with thrombin or LPA results
in a super-induction of tenascin-C mRNA by cyclic strain,
whereas inhibition of ROCK attenuates this response [12]. Hence,
the steady state level of tenascin-C mRNA in fibroblasts seems to
correlate closely with the level of RhoA/ROCK activation.
By these studies, we found that the RhoA/ROCK pathway
adjusts mechanosensitivity. However, it was unknown which
cellular components record changes in tension between the
ECM and the cytoskeleton, and trigger the signals that result in
induction of the tenascin-C gene. Recently, an elegant study
showed how an adaptor protein in focal adhesions, p130Cas,
could act as a “strain gauge” [30]. Physical stretching of this
molecule leads to its phosphorylation by Src family kinases, the
recruitment of other signaling molecules (Csk and C3G), and the
activation of the small GTPase Rap1 [29–31]. In principle, this
attractive scheme could apply to other adaptor proteins in focal
adhesions. In order to identify components required for
transducing mechanical stress into tenascin-C expression, we
chose to make use of cell lines lacking specific focal adhesion
proteins. We decided to study ILK-deficient cells for several
reasons. ILK knockout mouse embryos die at the peri-im-plantation stage due to adhesion and polarization defects [40].
Importantly, genetic studies in zebrafish implicated ILK as an
essential component of a mechanical stretch sensor in vivo
[54]. Moreover, ILK-deficient cells in vitro are less spread and
have an altered focal adhesion distribution [40,41,43], pointing
to its function as an important adaptor protein [34,35]. Finally,
ILK has been reported to regulate cell morphology and moti-
lity in a Rac1/PAK [46] and RhoA/ROCK [41,45] dependent
manner, and cells lacking ILK are not able to assemble a fibro-
nectin matrix [43], another process known to depend on RhoA/
ROCK-dependent actin contractility. From these published re-
sults, we speculated that ILK might have an important function
in mechanotransduction, especially with regard to RhoA-related
processes that eventually lead to changes in gene transcription.
In the present experiments we found that, like in primary
cells, cyclic strain strongly induced tenascin-C mRNA in im-
mortalized mouse fibroblasts carrying a wild-type ILK gene;
however this response was completely lacking in ILK-deficient
cells. ILK knockout cells rescued with full length ILK cDNA
showed normal induction of tenascin-C mRNA by cyclic strain.
In agreement with the known role of the RhoA/ROCK pathway
in this specific response [12], ILK-deficient cells also exhibited a
defect in the activation of RhoA and an impaired ability to
reorganize their actin stress fibers and focal adhesions upon
mechanical stimulation. In view of these findings, we specula-
ted that ILK −/− fibroblasts might also be defective in MAL
signaling. MAL, a transcriptional co-activator of SRF, is known
to bind to G-actin in the cytoplasm of unstimulated cells and
to translocate to the nucleus upon F-actin assembly induced
by serum or other activators of RhoA [24,25]. Indeed, we
found that cyclic strain triggered nuclear translocation of
MAL in wild-type but not in ILK-deficient fibroblasts. Inte-
restingly, however, serum-stimulated MAL trafficking occurred
normally in ILK −/− cells. Moreover, RhoA was still activated
and tenascin-C mRNA induced in ILK knockout fibroblasts by
LPA. Thus, ILK is required for RhoA-dependent signaling in
response to mechanical stress but not to growth factors.
Quite surprisingly in view of the well documented role of
ILK in PKB/Akt activation [38,55], cyclic strain-induced
normal phosphorylation of this kinase in ILK-deficient cells.
Presumably, cyclic strain activates PKB via the classical path-
way involving PI3K and PDK1 [37,56], independently of ILK.
Moreover, our results clearly show that activation of Erk-1/2 by
cyclic strain does not require ILK and, in contrast to tenascin-C,
the transcription factor c-fos was still significantly up-regulated
by cyclic strain in ILK knockout cells. Thus, cells are still able
to sense external strain by triggering various signaling path-
ways in the absence of ILK, but fail to normally activate RhoA/
ROCK-dependent responses. We conclude from these results
that ILK has a specific function in relaying external mechanical
signals via RhoA-mediated pathways to a subset of mechan-
oresponsive genes.
The precise role of ILK in this particular mechanotransduction
pathway remains to be elucidated. As revealed by LPA stimulation
of ILK-deficient cells, ILK is not needed for tenascin-C induction in
general, i.e. by signals other thanmechanical.Moreover, ILK is not
generally required for transducing mechanical signals since the
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cyclic strain in ILK-deficient cells. Rather, ILK might be involved
either in regulating RhoA/ROCK-dependent cytoskeletal tension
and hence the mechanosensitivity of fibroblasts, or it could act in
conjunctionwith a “strain gauge” similar to p130Cas [30], however
upstream of the RhoA/ROCK pathway. Recently published work
links ILK to small GTPases of the Rho family [41,44–47]. It has
been reported that ILK regulates fibroblast morphology and
motility in a RhoA/ROCK-dependent manner [41,45], which
positions ILK upstream of this pathway. In another report,
overexpression of ILK increased, whereas its silencing decreased
the constitutive activity of Rac1 [46]. Since Rac1 and RhoA are
known to tune each other's activity within a cell in space and time
[57,58], thismight be an indirectway bywhich ILK controlsRhoA.
Finally, a recent study investigated the role of ILK inRhoA/ROCK-
dependent actin dynamics and gene expression [41]. Treatment of
both wild-type and ILK-deficient fibroblasts with LPA led to
activation of RhoA and induction of mRNA for connective tissue
growth factor (CTGF), similar to what we found for tenascin-C. In
contrast, LPA induced cortical actin stress fibers in wild-type but
not in ILK −/− cells, which instead formed thin centripetal actin
fibers [41]. The authors conclude that ILK is involved in RhoA-
dependent reorganization of the actin cytoskeleton, whereas RhoA
activation and RhoA-mediated CTGF expression do not depend on
ILK. However, we find that although LPA induces tenascin-C
mRNA expression in ILK-deficient cells in a RhoA/ROCK-
dependent manner, cyclic strain does not.
In summary, our present results demonstrate an essential
function for ILK in the induction of tenascin-C by external cyclic
strain. Interestingly, ILK-deficient cells are only partially in-
sensitive towards mechanical stimulation, since other signaling
pathways are induced. It is possible that ILK-deficient cells are
able to sense static increases in external tension and conse-
quently activate MAPK pathways, but that ILK is required to
respond to dynamic strain by RhoA-dependent changes in the
actin cytoskeleton; this needs to be addressed further. In ad-
dition, our data show that induction of tenascin-C by mechanical
stimulation and by growth factors, respectively, can occur by
separate pathways, one ILK-dependent but not the other. This
finding might help to explain some of the highly restricted
expression patterns of tenascin-C in vivo. In normal skeletal
muscle, for example, tenascin-C is almost exclusively found at
myotendinous junctions [59] and around stretch-sensing muscle
spindles [60], locations where mechanical stress is focused
during muscle contraction. Under the control of ILK as part of a
cell-autonomous mechanosensor, fibroblasts dispersed in mus-
cle and other connective tissue are able to express and secrete
tenascin-C very locally, and in part independently from a milieu
of growth factors that exerts more global effects. Thus, our
studies help to better understand the complex regulation of this
important ECM protein during development, wound healing and
carcinogenesis [61].
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488–499.Glossary
ROCK: Rho dependent kinase
ILK: integrin-linked kinase
LPA: lysophosphatidic acid
MAPK: mitogen activated protein kinase
ERK-1/2: extracellular signal-regulated kinases 1/2
c-fos: cellular FBJ murine osteosarcoma viral oncogene homolog
GAPDH: glyceraldehyde-3-phosphate dehydrogenase
RBD: Rho-binding domain
TN-C: tenascin-C
CTGF: connective tissue growth factor
FAK: focal adhesion kinase
PKB: protein kinase B
MAL: megakaryocytic acute leukemia
